Abstract-An earlier model for the study of rib cage mechanics was modified so that rib deformity in scoliosis could be better represented. The rigid ribs of that model were replaced by five-segment deformable ribs. Literature data on cadaver rib mechanical behavior were used to assign stiffnesses to the new individual model ribs so that experimental and model hb deflections agreed. Shear and tension/compression stiffnesses had little effect on individual rib deformation, but bending stiffnesses had a major effect. Level-to-level differences in mechanical behavior could be explained almost exclusively by level to level differences in the rib shape. The model ribs were then assembled into a whole rib cage. Computer simulations of whole rib cage behaviors, both in uiuo and in vitro, showed a reasonable agreement with the measured behaviors.
INTRODUCTION
Although rib cage deformities that occur in scoliosis are often cosmetically displeasing and sometimes compromise cardiopulmonary function enough to be life-threatening, little is understood regarding the biomechanics of these deformities. The reduction of pulmonary function in scoliosis has been documented (Aaro and Ohlund, 1984; Gazioglu et al., 1968; Pecorelli et al., 1983; Winter et al., 1975; Smith et al., 1991) but the role of rib cage involvement in this reduction remains unclear. Surgical techniques that correct a lateral curve in the spine alter both cosmesis Dahlborn, 1981, 1982; Gaines et al., 1981; Jefferson et al., 1988; Thulbourne and Gillespie, 1976; Weatherly et al., 1987) and pulmonary function (Kumano and Tsuyama, 1985; Lindh and Bjure, 1975; Ogilvie and Schendel, 1988) , but it is unclear how spine configuration corrections change rib cage configuration.
To foster investigations of rib cage deformities in scoliosis, we constructed a biomechanical model of a rib cage that allowed individual model ribs to deform. Our study addressed a number of issues. (1) What stiffnesses of the deformable rib elements are needed to make model individual rib behavior agree with real rib behavior? (2) If model and real individual rib behaviors agree, do model and real overall cage behaviors also agree in structurally normal trunks? (3) What are suitable quantitative measures of rib cage deformities in scoliosis? (4) What is the effect of rib cage deformity in scoliosis on cage volume change? (5) What distortions arise in model ribs when the spine is changed from a structurally normal configuration to 
METHODS

Model construction
General. A previously reported biomechanical model of the thoracolumbar spine, sacrum, sternum and rib cage (Andriacchi et al., 1974) represented the bony structure of the trunk by a collection of rigid bodies and the soft tissue connecting them by a collection of deformable spring and beam elements. Model response to imposed forces and/or displacements was computed using the direct stiffness method of engineering structural analysis. Our model replaces the 20 rigid ribs of the earlier model with deformable ribs (Fig. 1) . The floating ribs were not included in the model of Andriacchi et al. (1974) , nor have they been included in our model, as they do not seem to have a major effect on rib cage overall mechanics. The deformable ribs have each been represented by five cylindrical rigid bodies interconnected by four beam elements. This modification increased the number of rigid bodies from 39 in the earlier model to 119 in our model, the number of beam elements from 59 to 139, and the number of spring elements from 176 to 344. The total model degrees-of-freedom is increased from 234 to 714.
Geometry. The eight points used by Andriacchi et al. (1974) to define the geometry of each rigid rib were also used to locate the five cylindrical bodies, so that the geometry of the 1974 model has been retained in essence (Fig. 1) . 
Sttffiiess
properties.
The deformable elements representing the costosternal and costovertebral tissues are the same as those used in the 1974 model as are the stiffnesses of the deformable elements interconnecting the vertebrae. However, the representation of the intercostal ligamentous tissues has been modified from that of the 1974 model. Each of the five cylinders of each rib was connected to its superiorly and inferiorly adjacent rib cylinder using a spring element. Thus, the intercostal connections earlier modeled by two springs per rib level are now represented by 20 springs per level, evenly spaced along the length of the ribs. The stiffnesses of these elements were adjusted to account for this redistribution.
Six additional springs, four to represent the pelvosternal ligamentous tissue ties and two to represent ligamentous ties to the clavicles, have been included in our model. The pelvosternal springs connected the superior portion of the pelvis to the inferior portion of the sternum. The clavicular springs connected the superior portion of the sternum to the Tl vertebra on both sides of the spine. These additional ties represent the sternal support that exists anatomically (Feiss, 1906) .
Stiffness values were assigned to the beam elements interconnecting the cylinders of each rib using the data of Schultz et al. (1974) . They reported deflections of cadaver ribs from levels 2,4,6,8 and 10 in response to 7.4 N (0.75 kP) loads. They applied these loads successively in mutually orthogonal directions to the free anterior ends of individual ribs with fixed posterior ends. A Cartesian coordinate system local to each isolated model rib corresponding to the system used by Schultz et al. (1974) was created. The anterior/posterior loading direction of a rib was defined as being along the line joining the point closest to the vertebral body center of the cylinder closest to the vertebra with the anteriormost point of the cylinder closest to the sternum. The inferior/superior line of action was perpendicular to the best-fit plane of the rib. The medial/lateral loading direction was defined by the cross product of the other two direction vectors.
Each beam element had six unknown stiffness values: two bending, two shear, one axial and one torsional. Axial and shear relative displacements between adjacent sections of bony structures are small. Therefore, the translational axial and the two shear stiffnesses of the beam elements were assigned values large enough to prevent observable translation in these directions. To verify that these translational stiffness values mattered little, simulations were run with these stiffnesses decreased by a factor of 100 and the results of the two sets of simulations were compared.
This left only the three bending stiffnesses unknown. It was tentatively assumed that all 80 beam elements could be assigned the same set of bending stiffnesses. The vertebral ends of the model ribs were fixed and the sternal ends were loaded anteriorly, posteriorly, superiorly, inferiorly, medially and laterally with 7.4 N forces, as done by Schultz et al. (1974) . The three unknown bending stiffnesses were adjusted as described below until an acceptable level of agreement between simulated and experimental rib deflections in all loading directions was obtained (Results, Fig. 5 ). This produced deflections at all five rib levels in satisfactory agreement with those experimentally measured; so there was no need to alter the tentative assumption.
The lateral-bending stiffness controlled primarily the anterior/posterior and medial/lateral deflections of the rib. During simulated loadings in these directions, this stiffness was adjusted until model deflections were in reasonable agreement with experimental deflections in both directions. The torsional and flexion/extension stiffnesses of the beam elements were first determined during simulations of superior/inferior pulls. The torsional stiffness and then the flexion/ extension stiffness was readjusted until the predicted superior/inferior deflections agreed with the experimental values, while retaining the agreement during pull simulations in the other directions.
The properties assigned to the springs representing the abdominal and clavicular connections were initially calculated from the stiffness data reported by Yamada (1970) . These stiffness values were then adjusted through model simulations, described in the next section; so the behavior of the assembled model rib cage agreed with whole rib cage behavior found in experiments performed on human subjects.
Calculation of rib cage volume. The total volume of the model rib cage was defined as that of a polyhedron bounded circumferentially at each level by the model ribs, and superiorly and inferiorly by the surfaces defined by Rib 1 and Rib 10. The effect of diaphragm configuration was not considered. The volume was thus defined by 140 points, 14 per rib level (Fig. 2) . The volume between every two rib levels was divided into twelve wedge-shaped solids. Each wedge was defined by six points; three points from superior-level nodes and three points from the corresponding nodes of its inferiorly adjacent neighbor. Each wedge was further decomposed into three tetrahedra and the volume of each tetrahedron was computed. The three tetrahedra volumes yielded the wedge volume, the 12 wedges yielded the volume between rib levels, and the nine inter-rib levels yielded the total rib cage volume. The locations of the 140 points used to calculate the rib cage volume were chosen to be bilaterally symmetric in the structurally normal state so that convex and concave side volumes could be determined in the deformed states of scoliosis.
Validation studies-behavior of assembled rib cage. Three experimental investigations reported in the literature were simulated to evaluate the agreement of the predicted assembled rib cage deflections with the deflections observed in humans. Agostoni et al. (1966) reported the anterior/posterior and lateral rib cage deflections in supine male volunteers when a lateral-squeezing load was applied to their rib cage. To simulate these experiments, the sacrum of the model was fixed and the posterior most portion of the rib cage was prevented from moving to represent the constraints imposed by the surface supporting the subjects. A 100 N lateral squeezing load was applied to the ribs at the xiphoid process level. This load was evenly distributed over rib-pairs 6-10. Relative displacements between the sternum and vertebrae at the xiphoid level as measured by Agostoni et al. (1966) were compared to the change in the anterior/posterior rib cage diameter predicted by the model. Lateraldiameter changes were compared similarly. Patrick et al. (1965) and Nahum et al. (1970) examined deflections of cadaver rib cages in response to sternal compressive loads applied to upright cadavers whose backs were supported. To simulate these conditions in the model, the sacrum was fixed and the posteriormost points on the ribs were prevented from moving. A 100 N compressive load was applied to the sternum just superior to the xiphoid process. The resulting deflections of the sternum were then noted and compared to the experimental values.
To evaluate the effect of rib cage support of the spine in axial rotations, Lovett (1905) fixed the sacrum of a cadaver and axially rotated its Tl vertebra by 51". He reported the resulting rotations from Tl to L5. To simulate this experiment the sacrum was fixed and a 51" axial rotation was imposed on the Tl vertebra. The rotations of the other vertebrae in response to the rotation at Tl were then noted from T2 to L5 levels and compared with Lovett's findings. No more comprehensive or more recent comparable experimental data could be found.
Imposition of scoliosis
To examine the usefulness of this mode1 in investigating rib deformities in scoliosis, a mild 43" Cobb angle mid-thoracic curve and a more severe 70 mid-thoracic curve (Table 2) were modeled by prescribing the known configurations of all vertebrae in these curves to the model vertebrae. The pelvis of the normal spine was fixed, while the rib cage and sternum was completely contained within the 1 cm slice, ten were left to freely deform in response to the scoliosis.
points from that cylinder were used. Once all 20 ribs The resulting rib cage deformations were then calcuwere scanned for points to be included, the included lated, quantified as described below, and compared to points were plotted to obtain a CT plane composite clinical data on rib deformity.
'rib' [ Fig. 4(a) ].
Measures of scoliotic rib cage deformity
Rib cage axial rotation. Rib cage axial rotation was defined, following Dansereau and Stokes (1988) and Stokes (1989) , as the angle between a frontal plane and the tangent to the rib cage at the apical vertebral level (Fig. 2) .
Rib cage lateral offset. Rib cage lateral offset was defined as the lateral distance between the midline of the sacrum and the geometric center of the deformed rib cage, midway transversely between the lateralmost points of the cage (Fig. 3) .
Rib distortion in the apical CT scan plane and apical rib best+ plane. Rib distortion in the apical CT scan plane was determined by locating segments of ribs which passed through a 1 cm thick transverse slice at the apical spine level. The points on the longitudinal axis of each model rib cylinder contained in that slice at 0.1 cm intervals were collected. Thus, if a cylinder
The apical rib best-fit (least squares) plane was found and the nodes of the apical rib were projected onto that plane. Radii of curvature were then established for the posterior portions of both left-and rightprojected and CT composite ribs (Fig. 4) . Rib distortion was defined as the concave rib radius minus the convex rib radius divided by the larger radius. Rib radius calculation was straightforward for the leastsquares projection. The radii were those of the two circles defined by the three posterior-most points of the right and left rib. The CT plane composite rib often contained over 90 points, but they formed distinct groups. A least-squares circle was fit to all points in the three posterior-most groups.
RESULTS
Individual rib behavior
The stiffness values ultimately assigned to all beam elements interconnecting the rib cylinders were an axial stiffness of 100 kN cm-', two shear stiffnesses of 100 kN cm-', an anterior/posterior bending stiffness of 2 kN cm rad-', a superior/inferior bending stiffness of 1.8 kNcmrad_'
and a torsional stiffness of 3 kN cm rad-' (Table 1) . 
Offset pr
Definition of rib cage lateral offset (p-center ot pelvis; ranter of rib cage).
Nearly all model individual rib deflections were within two standard deviations and within 0.5 cm of the mean experimental deflections under 7.4 N forces (Fig. 5) . Exceptions occurred in inferior loading of rib 2 and anterior loading of ribs 4 and 6. In these cases the experimental deflections for one direction of force application were different from those for the opposite direction. The assumption of linearity in model behavior prevented the occurrence of such differences in the model. Despite this, agreement of the model and measured individual rib deflections in these three cases was within 1.3 cm.
The axial stiffness and the two shear stiffnesses of the rib beam elements were found, as assumed, to have little influence on rib deflection. When these three translational stiffnesses were decreased by two orders of magnitude, only small changes in rib deflection occurred, no matter what the level or the applied force direction was. For example, the deflection of rib 8 under a medial load increased from 3.46 to 3.51 cm with the two orders of magnitude decrease in these three stiffnesses.
Assembled rib cage behavior
In simulations of all three experiments regarding the behavior of the assembled rib cage, a reasonable agreement between model predictions and experimental measurements was found (Figs 6-8) . The response of the present model to an evenly distributed 100 N lateral-squeezing load applied to the ribs at the xiphoid process level produced a lateral rib cage diametrical change of 1.86 cm and an anterior/posterior diametrical change of 0.23 cm. These model-predicted values are in better agreement with the results in uioo reported by Agostoni et al. (1966) than those predicted by the earlier rigid-rib model (Fig. 6) .
The model rib cage response to a 100 N load concentrated at the xiphoid resulted in a 0.3 cm anterior displacement of the sternum with negligible (0.8") sternal rotation in the sagittal plane (Fig. 7) . If the sternum is considered as a rigid body and the supporting rib cage is viewed as a single translational spring, the model predicts that this supporting spring would have a stiffness of 333.3 Ncm-'. The experiments of Patrick et al. (1965) using embalmed cadavers and Nahum et al. (1970) using fresh cadavers reported similar stiffness values.
The model-predicted rotations in response to an imposed 51" axial rotation at the Tl vertebra were similar to those of Lovett (1905) (Fig. 8) .
These three simulations indicated that the present model was able to predict assembled rib cage mechanical behavior reasonably well in a variety of loading situations.
Rib deformities in scoliosis
All rib deformity parameters except the total thoratic volume increased when the scoliosis Cobb angle was increased (Table 2) . Rib cage axial rotation increased in proportion to apical vertebral rotation. The total rib cage volume remained essentially constant at 8.14 1. However, the distribution of that volume changed as the spine scoliosis increased from 0 to 70". In the normal spine the thoracic volume was equally distributed on the convex and concave sides. As the scoliosis increased, the concave side volume increased while the convex side volume decreased, and in the 70" curve, the concave side volume was 5% (0.20 1) larger than the convex side volume.
Rib distortion was clearly dependent on the view examined. For the 70" scoliosis the rib distortion was 5.4% in the best-fit plane of the rib and 47.2% in the simulated CT scan plane. This indicates that a small asymmetry between rib pairs can produce a large apparent rib distortion in CT views. For the notmal spine the line formed by the intersection of the least-squares plane of the rib at T9 with a frontal plane was oriented at 35" to the horizontal (Table 2 ). The line formed by the intersection of the rib plane with the sagittal plane was oriented at 27" to the horizontal. Both scolioses produced asymmetric bestfit planes of the ribs as viewed frontally. The line formed by the intersection of the least-squares plane of the right rib plane at T9 with the frontal plane in the 70" curve subtended an angle of 3 1" to the horizontal, while the left rib plane subtended an angle of 38". The lateral orientation of the best-fit rib plane was approximately the same for the normal and scoliotic spines.
Model Deflection vs. Experimental Mean Deflection
DISCUSSION
Our primary motivation for the development of this deformable-rib model was to have a tool for studies of rib cage deformities in scoliosis. The results presented here show that the model developed adequately predicts the experimental measurements of whole rib cage behavior both in viva and in vitro, and is also useful to quantify parameters measuring rib cage deformities.
This study addressed a number of issues concerning both how to model the rib cage and then how to use the model to study the complex rib cage deformities associated with scoliosis. In answer to the questions posed in the Introduction, we have the following results.
(1) The stiffnesses of beam elements needed to make model individual behavior agree with real rib behavior. We found that the three bending stiffnesses of each beam element are primarily responsible for rib mechanical behavior. The axial stiffnesses of the beam elements could be decreased by two orders of magnitude with negligible change in rib mechanical behavior. This supported our assumption that the shear and axial displacements are negligible. All beam elements interconnecting the rib cylinders were assigned the same set of six stiffnesses, yet the behavior of individual ribs at all levels agreed with the experimental observations . The variation in stiffness between ribs from different anatomical levels is primarily a result of rib gross shape rather than either bone cross-sectional geometry or bone material properties. (1) Agostoni et al. (1966) (2) Present Model (3) Andriacchi et al. (1974) Lateral Load Applied to Rib Cage (N) Fig. 6 . Force-deflection responses of the assembled model rib cage. Model-predicted lateral and anteroposterior rib cage diameters in response to a uniform squeezing load are compared to the experimental measurements (Agostoni et al., 1966 ) and the earlier model predictions (Andriacchi et al., 1974) . (Lovett, 1905 ) and the earlier model predictions (Andriacchi et al., 1974) . The model represents each rib as a collection of five rigid cylinders. This choice was somewhat arbitrary. It holds the model degrees of freedom to 714 while reasonably mimicking real rib mechanical behavior. Although the five-cylinder representation limits the range of shapes the deformed rib can assume, these shapes exhibit all major clinical features of a scoliotic rib deformity (Fig. 9) . The incremental accuracy gained by use of a larger number of cylinders would not seem to justify the increased computation time.
(2) Keim and Netter, 1972) .
springs were removed, the model response to sternal loading was found to be less stiff than the earlier rigidrib model (a deflection of 0.98 cm under an 80 N sternal load). The model simulation results reported by Lovett (1905) refer to a single spine. We are unaware of more recent work of this nature. Our model does predict reasonable spinal torsional response to rotational loading compared to Lovett's results.
The model-predicted orientations of the T9 rib planes in the structurally normal trunk are in agreement with the reported data on normal human rib geometry in uiuo (Wilson et al., 1987; Dansereau and Stokes, 1988; Stokes et al., 1989) .
The assumptions of linear elastic tissue properties, geometric linearity and rigid bony structures seemed adequate. These assumptions yielded reasonable computation time and a sufficiently representative model. Our model does not include the effects of muscles that attach to the spine and rib cage, but these can be incorporated using the procedures of Takashima et al. (1979) . Despite these limitations, our model seems a useful tool to investigate the mechanics of rib cage deformation.
(3) Rib cage lateral offset, rib cage axial rotation, rib cage volume and rib distortion as quantitative measures of rib cage deformity in scoliosis. Rib cage axial rotations and rib cage lateral offsets have been previously proposed as measures of rib cage deformity (Thulbourne and Gillespie, 1976; Benson et al., 1977; Aaro and Dahlborn, 1981b; Pun et al., 1987; Jefferson et al., 1988) . These measures seem to be linearly related to spine rotations and lateral offsets (Closkey and Schultz, 1991) . However, individual rib distortions
have not yet been reported.
When a rib in a mild or moderate scoliosis is viewed in its least-squares plane, the only deformity seen is the rather small distortion of the rib. Nevertheless, this yields a large apparent rib distortion when viewed in a simulated CT scan, apparently because of the effects of superposition of the ribs at various levels with different amounts of rib axial rotation.
Breathing should have little effect on these measurements. Jordanoglou (1969) reported that during tidal breathing the ribs are not elastically deformed to any measurable degree and that they undergo a single-axis rotation about the rib neck. He found this to be true in both normal and kyphoscoliotic rib cages. The amount of rib rotation about a single axis at the rib neck due to tidal breathing, calculated from his data, was 1.5".
(4) Rib cage volume differences between structurally normal and deformed scoliotic spines. The calculated rib cage volume of 8.14 1 is in agreement with the reported literature on total thoracic volume (Rodgers and Tannen, 1983) . Our initial studies found that although the total rib cage volume changes little, the volume distribution becomes asymmetric. This suggests that factors other than cage total volume are involved in the cardiopulmonary complications often associated .with scoliosis.
(5) Rib distortions in scoliosis. The CT image of the rib cage probably indicates well the cosmetic deformity of the thorax. Cundy et al. (1990) were among the first to use the CT image to assess thoracic cosmetic deformity. However, it is important to understand how rib deformity in the CT scan and the best-fit planes relate. Using this new model's ability to quantify changes in rib shape both in best-fit and CT scan planes, we found that individual scoliotic ribs may be much less severely deformed than they appear to be in CT images. We have provided simple quantitative measures of rib deformity in both planes in terms of percentage rib distortion.
